Experimental methods for estimating detection efficiencies of human and computational observers viewing low-contrast circular targets in acoustic noise are described. Sonographic images were simulated with signal and noise properties specified exactly. These images were presented to observers in two-alternative forced-choice (2AFC) experiments. Relative to the ideal observer of these images, i.e., the prewhitening matched filter, human observers were 60% efficient for detecting targets over a broad range of target energies and for both target polarities. Studies were limited to situations where target diameters were much larger than the correlation length of the noise. In that case, observers unable to decorrelate the noise showed no reduction in detectability as predicted by theory. For example, the efficiency of one computational observer, a nonprewhitening matched filter, was nearly ideal. Its response was proportional to that of the average human observer, which suggests a role for computational observers in image evaluation.
INTRODUCTION
Many imaging tasks require observers to visually discriminate among regions of similar reflectivity. An example in diagnostic ultrasound is lesion detection. Consequently, one essential feature of high-quality ultrasonography is superior low-contrast detectability. Today's sonographers have the opportunity to reconfigure the instrumentation to match specific diagnostic tasks, e.g., maximize lesion detectability, by selecting the appropriate transducer technology and pre-and postprocessing schemes. Unfortunately, there are no standard criteria for optimization. Evaluations are subjective, for the most part, because objective criteria have not yet been developed for many important clinical imaging tasks. In this paper we discuss objective criteria for evaluating the quality of a SOhographic image for the clinically important task of detecting low-contrast targets.
Objective assessment begins by first specifying a relevant task and then determining quantitatively how well the task is performed. ! Our approach to image assessment is based on classical signal detection theory 2'• as applied to ultrasonic imaging by Wagner et al. 4 and Smith et aL • The task is visual detection of low-contrast targets in speckle (correlated noise). The procedure begins with the derivation of a test statistic, called a decision function, for the optimal detector or ideal observer of the image. The ideal observer is a computational observer or mathematical function of the image data that makes optimal use of all available information for the purpose of accomplishing a task. Ideal observers provide the upper limit of detectability by which the efficiency of human ohserver• can Be determined. The task required of the ideal observer is defined by the task it is given. The decision function--test statistic--is determined mathematically by the probability density functions (pdf) of the image data. The test staffstie is applied to images, a decision is made, and the ability to perform the task is evaluated. Observer performance is specified by the signal-to-noise ratio (SNR). Finally, human visual detection efficiency is computed from SNR values measured for ideal and human observers by the ratio
SNR•t/SNR•. 6
The efficiency for performing important clinical examinations is the ultimate assessment of image quality, and therefore the appropriate criteria for task-specific system optimization. Unfortunately, statistically robust estimates of human observer SNR are labor intensive because of three intrinsic sources of response uncertainty: Betweenobserver variance, within-observer variance, and betweenimage variance. 7 Therefore we have also examined the use of computational observers, since they generate no between-or within-observer variances. Suboptimal computational observers are also of great practical interest if they can be computed quickly--ideally at the frame rate for video--and if the corresponding SNR is highly correlated with that of the average human observer. We show that the nonprewhitening matched filter for intensity is one such computational observer that could quickly provide precise estimates of the human observer's ability to visualize lowcontrast targets. Computational observers may offer the objective assessment of ultrasonic images necessary to optimize systems for specific diagnostic tasks.
I, METHODS
Observer experiments were performed using simulated ing an algorithm that generates normal random deviates. One pattern represented the real (in-phase) part of the analytic signal of X and the other represented the imaginary (quadrature) part. Circular targets with either positive or negative contrast were introduced by multiplying a circular target region in the center of the real and imaginary patterns by the object contrast factor (OCF). For example, the OCF was 1.2 for a 20% increase in echo amplitude in the target relative to the background (1.6 dB). Both patterns were smoothed using a twodimensional (2-D) Gaussian-shaped smoothing kernel, where the horizontal dimension was 50% larger than the vertical dimension. Finally, to simulate the envelopedetection process of image formation, the real and imaginary components were squared and summed. The square root of the result yielded simulated B-mode image data, y. These images simulate the essential statistical properties of real B-mode images. The 3-D nature of realistic transducer pressure fields and objects was not included in this study.
The probability density function (pdf) of the B-mode image data, where the in-phase and quadrature components of the echo signal are bivariate normal with zero mean and equal variance, •, is Rayleigh Our objective in applying a computational observer to ultrasound images is image evaluation. Such evaluation should be accomplished more quickly and with lower uncertainty than human experts. Also, the performance of the computational observer should be highly correlated with that of the human observer, and directly interpretable in terms of fundamental properties of image quality.
An obvious candidate is the nonprewhitening matched filter (NPWMF), which is realized by implementing the strategy of the ideal observer in Eq. 4M ( 
The first factor, •IHC, is the efficiency of human observers relative to the NPWMF. Its value is approximately 0.5 for all targets (Table II) varying function at all spatial frequencies in the target power spectrum. This condition is met throughout this study, since there are no negative noise correlations and M> 10. We expect noise correlations to become a factor when $t=$½, or when unusual filter functions are applied to projection data to form ultrasound CT images?
The linear relationship between responses of human observers and the NPWMF suggests that the NPWMF is a reasonable choice for a computational observer. One application of a computational observer in ultrasonic image quality assessment is to compare how various transducer designs or signal processing schemes influence the visibility of low-contrast lesions in the body. Receiver operating characteristic (ROC) analysis is the accepted comparison standard. However, ROC experiments are very costly and the uncertainties are large even for expert observers, so they are rarely used by manufacturers to design instrumentation. In place of expert humans, the NPWMF could be applied to image data for either the 2AFC or yes-no experimental designs. Tissuelike phantoms with well-defined properties are available to provide as many as 100 statistically independent views of a target under SKE In general, M is a complicated function of the target shape and resolution properties of the imaging system. For the purposes of studying low-contrast detectability, a very useful approximation is obtained in the limit where the target area is "large" compared to the area of a speckle spot. In that limit, R(fi Fortunately, the Gaussian assumption simplifies performance evaluation significantly. Performance is entirely characterized by the means and variances of the decision function pdfs (see Table CI ) using the equation for detectability
